We have synthesized inorganic micron-sized filaments, whose microstucture consists of silica-coated nanometer-sized carbonate crystals, arranged with strong orientational order. They exhibit noncrystallographic, curved, helical morphologies, reminiscent of biological forms. The filaments are similar to supposed cyanobacterial microfossils from the Precambrian Warrawoona chert formation in Western Australia, reputed to be the oldest terrestrial microfossils. Simple organic hydrocarbons, whose sources may also be abiotic and indeed inorganic, readily condense onto these filaments and subsequently polymerize under gentle heating to yield kerogenous products. Our results demonstrate that abiotic and morphologically complex microstructures that are identical to currently accepted biogenic materials can be synthesized inorganically.
Evidence for the oldest known fossils has rested with reported microfossil filaments from the 3.49-billion-year-old Dresser Formation (1) and the slightly younger (3.465 billion years) chert in the Apex basalt (2) (3) (4) (5) , in the Warrawoona Group of the Pilbara craton in Western Australia. Optical and electron microscopic studies confirmed the presence of complex segmented filaments in these rocks that are similar in morphology to modern cyanobacteria (1) (2) (3) (4) (5) . Raman spectra of the Dresser and Apex filaments reveal the presence of carbonaceous residue (6, 7) . We demonstrated the formation and growth of filamentous materials under alkaline, mildly hydrothermal conditions, whose morphologies and Raman spectra closely mimic those of the Warrawoona microfossils.
We obtained crystal aggregates by mixing a water-soluble barium salt with alkaline sodium silicate solutions at ambient temperature and pressure, at a pH ranging from 8.5 to 11. The Na and Si concentrations in silica solution reaction mixtures were ϳ7.5 and 9 mM, respectively. Most of the silicate in our solutions was likely to be in the form of dimeric Si 2 O(OH) 6 - ions (8) . Reactions were typically carried out in diffusive contact with the ambient atmosphere, so that CO 2 dissolution was significant, because HCO 3 -and CO 3 2-anions formed under the alkaline conditions (9) . The increasing carbonate concentration provoked the precipitation of witherite crystallites (barium carbonate). Precipitate morphologies varied depending on the pH, temperature, and concentration of the reacting solution (10) (11) (12) (Fig. 1) . We also observed some secondary sheets, seeded from cusps at the edge of a parent sheet. Many sheets developed scrolled lips around the rim. These were particularly evident where two oppositely scrolled sections of sheet rim converged to form a cusp, from which ropelike double-helical filaments often emerged (Fig. 1) .
Filament diameters typically varied between 5 and 20 m, depending on their form (Fig. 2 , A to D). They could extend up to several millimeters in length and, like the sheets, were clearly visible in the optical microscope. Approximately equal numbers of right-and lefthanded helices were found within a single experiment; indeed, in some cases, both enantiomers radiated from a single sheet. Pairs of scrolls within a single rope may overlap each other to the extent that only a single helical wind is discernible. The resulting structures are typically fatter than other helical patterns, although filaments of uniform size are not uncommon in individual batches if growth is arrested by removal from the parent solution.
Field-emission scanning electron micrographs (FESEMs) and transmission electron microscopy (TEM) of the sheets and filaments revealed them to be composed of densely packed colloidal rods, typically 400 nm in length and 40 nm in diameter (Fig. 1D (table S1) . Optical properties and electron diffraction showed that the long direction of the rods coincided with the pseudohexagonal c axis of witherite. Orientational ordering was clear at the submicron scale, with a radial texture in both sheet and helical aggregates that is consistent with a continuous and slowly varying twist of the rod director with respect to relative position in the aggregate. X-ray diffraction patterns of sheets and helices confirmed that witherite was the only crystalline phase, and some reflections appeared as arcs rather than spots or complete rings. This unusual feature indicates a restricted range of crystal orientations, consistent with the presence of orientational order and the absence of translational order between the witherite nanocrystals within a single particle. These selfassembled aggregates are inorganic analogs of chiral liquid crystals, reminiscent of cholesteric and blue-phase mesophases (14) .
These self-assembled crystal aggregates display specific reproducible morphologies, irrespective of the gravitational orientation or rheological properties of the crystallizing medium. Their growth mechanism differs from that of conventional silica (chemical) gardens. The latter are noncrystalline metal silicate hydrate structures with morphology governed by the interaction between a chemical reaction and osmotic-and buoyancy-driven convective flow (15) . Packing of the monodisperse colloidal rods within the self-assembled aggregates accompanies the growth of the curvilinear sheets and helical filaments reported here, with a relative twist between adjacent rods. The origin of that twist and the transition from sheets to helical ropes are likely to result from competing colloidal interactions between the rods, dependent on their aspect ratio and the charge distribution over their surface, set by the adsorbed silica species and charges on the witherite crystallite faces. The resulting inorganic aggregates are complex self-assemblies, displaying a hierarchy of structural order at various length scales that is similar to that of biomineral assemblies (16) : ranging from the translational order in the individual witherite microcrystallites, observed in TEM micrographs, to the largerscale material, characterized by orientational order and evident from FESEM images, resulting in the curvilinear forms that are visible with optical microscopy. Selective removal of the witherite by immersion in dilute acid is also possible, leaving a hollow helical silica filament of the same size and shape as the untreated filament (Fig. 2 , G to I). These synthetic filaments fulfill the morphological criteria that are currently accepted to confirm the biogenicity of remnants of microbial life (3, 17 ) . Evidently, simple biological entities and complex inorganic systems can display common morphological features.
This finding has implications for the search for remnants of primitive life in the early Earth or Mars (18) . Microstructures found in chert of the Apex basalt are reputed to be among the oldest microfossils on Earth (3.465 billion years old) (4). Schopf et al. described them as septate, possibly photosynthetic, filamentous cyanobacteria living in shallow water (3) (4) (5) (6) . In contrast, Brasier et al. suggested that the structures might be abiotic (19) . Their reinvestigation of Schopf's samples revealed examples of complex branched filaments, in contrast to the unbranched morphologies mapped by Schopf. In addition, their geological mapping of the area suggested a hydrothermal setting for the putative microbes. Ueno et al. reported chert-hosted microstructures morphologically similar to those of (5, 6 ) but located in the even older (3.49 billion years) Dresser Formation of the Warrawoona Group in the North Pole area. These authors interpreted their microscopic filaments as microfossils (1) .
The purported fossils may instead be examples of unconventional abiotic microstructures (17, (19) (20) ; our filamentous materials mimic the morphology of Warrawoona microstructures to a high degree (Fig. 2, A to F) . Schopf et al. (6) have advanced an additional criterion for biogenicity: the presence of carbonaceous material of biological origin. Chemical evidence for such biogenic material has been adduced from laser Raman microspectroscopy of the Warrawoona microstructures, though this has been disputed (7).
Our experiments suggest an abiotic pathway to the formation of "kerogenous" filaments (filaments containing organic matter that remains insoluble in both acids and organic solvents). For example, kerogenous carbonaceous polymers can be formed by heating simple ( plausibly abiotic) organic molecules (21) . That process can occur under hydrothermal conditions, given the presence of hydrophobic substrates that act as traps for ambient organic precursors. Our siliceous biomorphs are such traps. For example, immersion of witherite-silica filaments in formaldehyde-phenol mixtures and subsequent heating at 125°C for at least 15 hours leaves a brown deposit on the filaments, clearly visible in the optical microscope (Fig. 3, A to C) . Laser Raman microspectroscopy confirms the presence of carbonaceous residue in the biomorphic filaments after absorption of the model formaldehyde-phenol mixture and subsequent curing at 500°C (13). These spectra resemble the kerogen spectra of Warrawoona microfilaments reported by Schopf et al. (6 ) (Fig. 3D) . Clearly, "kerogen" formation can occur in the absence of biological activity. It is therefore important to determine whether the synthetic route we have used to form synthetic kerogenous biomorphs is a plausible model for formation of the Apex microstructures.
The physicochemical environment required for the self-assembly of our biomorphic materials is unusual nowadays. It was, however, geochemically plausible during Archaean times (22, 23) . Our reaction requires an alkaline medium, silica and carbonate sources, and barium ions, as well as simple organic precursors. Specific horizons in the Warrawoona Group are rich in chert (SiO 2 ), barite (BaSO 4 ), and carbonate minerals. In particular, the bedded chert-barite Dresser Formation [ϳ3.49 billion years old (24) ] contains a unit near the top of the formation, up to 2 m thick, containing centimeter-scale layers of chert alternating with carbonate and oxide minerals overlying the hydrothermal barite-chert deposit and overlain by wrinkly stromatolite-like mats with numerous small, low-amplitude domes (25) . Chert in the lower parts of the formation has been reported to contain numerous microfossils (1), including filamentous examples that are morphologically identical to those reported by Schopf et al. (5) , located in the stratigraphically higher Apex basalt. The carbonate layers consist of rhombohedral crystals, which are highly altered to a mixture of dark brown to black iron and manganese oxides. Close inspection of thin sections reveals partial replacement of the original carbonate rhombs by small inclusions of the dark material (Fig. 4) . The dark alteration of the rhombs is not associated with veins or the result of obvious subaerial weathering, and is thus interpreted to be an original pre-exhumation feature of the rock. Energy-dispersive x-ray analysis and x-ray diffraction studies confirm the presence of quartz, ankerite, relatively low-iron calcite, goethite, and the manganese oxide romanechite. We interpret the latter two minerals to be ankerite decomposition products, as outlined below.
Our abiotic formation mechanism requires the presence of organics of relatively low molecular weight, such as phenol and formaldehyde. Their occurrence in the Archaean environment is highly plausible, even in the absence of biological activity. Indeed, recent results show that related polycyclic aromatic hydrocarbon compounds (PAHs) can be readily formed from inorganic precursors alone. McCollom has recently demonstrated the formation of a complex mixture of PAHs by heating siderite (FeCO 3 ) to 300°C in the presence of water vapor (26), with a schematic reaction mechanism as follows:
The presence of an iron-bearing carbonate closely related to siderite (that is, ankerite) in the hydrothermal Warrawoona deposit admits the possibility of this reaction. In addition, the replacement texture in the rhombs (Fig. 4) is consistent with partial decomposition of carbonate and simultaneous formation of (hydr)oxide minerals, analogous to the reaction scheme above. The in situ production of organics based on decomposition of the Fe (and possibly Mn) carbonate fractions, accompanying ankerite decomposition and goethite formation, is thus consistent with the geochemical features of the Warrawoona formation. Assuming inorganic synthesis of these organics, subsequent condensation to form kerogen is possible over geological time. For example, the phenol-formaldehyde condensation described above offers a simple route to kerogen formation. The kinetics of kerogen maturation is a first-order process, with activation energies between 150 and 200 kJ/mol (27, 28) . Assuming equal kinetics for the aging process in both synthetic and Warrawoona kerogen, the Arrhenius equation implies that an average temperature between 70°a nd 125°C should have sufficed to produce the kerogen observed in the Warrawoona samples via the condensation pathway described above. This range is consistent with a recent geological investigation that suggests a maximum temperature of ϳ250°to 350°C (19 ) . Our accelerated synthetic aging protocol is therefore a reasonable mimic of the natural geological process.
The implications of these findings within the context of prebiotic chemistry in alkaline media are manifold. In particular, the assumption of a disjunction between biotic and abiotic morphologies and chemical nature is false for primitive ancient fossil remnants. Furthermore, the complex structural hierarchy of this novel synthetic material, reflecting features of both crystalline and liquid crystalline structures, is of fundamental interest to the materials community (29) . We simultaneously invert travel times of refracted and wide-angle reflected waves for three-dimensional compressional-wave velocity structure, earthquake locations, and reflector geometry in northwest Washington state. The reflector, interpreted to be the crust-mantle boundary (Moho) of the subducting Juan de Fuca plate, separates intraslab earthquakes into two groups, permitting a new understanding of the origins of intraslab earthquakes in Cascadia. Earthquakes up-dip of the Moho's 45-kilometer depth contour occur below the reflector, in the subducted oceanic mantle, consistent with serpentinite dehydration; earthquakes located down-dip occur primarily within the subducted crust, consistent with the basalt-to-eclogite transformation. (4 ) provided an opportunity to investigate the high-resolution structure of the subducting plate in northwest Washington and southwest British Columbia (5).
The Juan de Fuca plate is relatively young and warm (maximum age ϳ10 million years), subducting obliquely at about 40 mm/year northeastward under Washington and Oregon. Active intraslab seismicity extends to 60-km depth, with some small events reaching depths as great as 100 km (6) .
The data for the structural inversion consist of 90,000 first-arrival travel times from the Wet SHIPS, Dry SHIPS, western Cascades, and southwest Washington experiments ( fig. S1) (7, 8) ; 27,000 first-arrival times from 1400 local earthquakes [200 of which are intraslab events (9)]; and 1200 secondary arrivals from the Wet SHIPS experiment that are consistent in slowness and travel time with reflections from the Juan de Fuca slab. We developed a nonlinear iterative inversion scheme that simultaneously inverts these travel times for earthquake locations, three-dimensional (3D) velocity structure, and reflector geometry (10) . A wellknown trade-off exists between reflector depth and velocity structure. By including independent first-arrival information, we reduce this trade-off and extract reliable reflector depths. A smooth velocity model is regularized by minimizing second-order spatial derivatives of the velocity structure and reflector surface. Travel times of first arrivals are calculated using the Vidale-Hole (11, 12) 3D finite-difference code. Theoretical reflected bounce points and travel times are determined by summing calculated travel times from the source and receiver to points on the reflector surface and determining the position and time corresponding to the minimum summed time according to Fermat's principle. Reflected rays are then independently traced from the bounce point to the source and to the receiver. Reflector geometry and the 3D velocity model are each adjusted to fit the times of reflected waves. This nonlinear procedure converges stably after 10 iterations. The final model gives root mean square travel-time residuals of 0.09, 0.12, and 0.08 s for the active-source, earthquake, and reflection data, respectively, amounting to variance reductions of 98 and 91% for the active-source and earthquake travel times, respectively, relative to the standard regional 1D velocity model (13) .
